ABSTRACT To achieve the artificial manipulation of the acoustic wave front, and to produce high-efficiency acoustic focusing effect, this paper designed an H -type locally resonant metamaterial structure based on a two-dimensional three-component local resonance unit. The transmission characteristics of acoustic waves in this model were analyzed by using COMSOL, which is a finite element simulation software. We found that the incident acoustic energy was absorbed by the model, and the transmission path was consistent with the model structure. We also found that in different frequencies, the transmission characteristics of acoustic waves were different. The acoustic transmission characteristics improved as the waves approached the resonant frequency. Because of the flexibility and controllability of metamaterials, the structure can be designed according to specific conditions in practical applications to meet the resonant frequency required for transmitting acoustic signals, thus, improving the acoustic transmission efficiency. In addition, if the point excitation source of spherical waves was replaced by the line excitation source of plane waves, a plane acoustic wave focusing phenomenon would occur, which further proved that the local resonance acoustic metamaterial has good focusing characteristics and manipulation characteristics. The result of our research provides a new direction for underwater acoustic imaging, acoustic communication, and acoustic detection.
I. INTRODUCTION
The study of artificial electromagnetic media shows that when special electromagnetic structure units are embedded in the medium, "new materials" with extraordinary physical properties different from those of materials in nature can be obtained. These new materials are called metamaterials. The study of phononic crystals shows that the artificial periodic structure of the elastic modulus or density modulated periodically can control the propagation of elastic waves. When the design size of the elastic structural unit is reduced to the size of deep subwavelength, the artificial periodic structure can also have special physical effects, such as negative mass density, negative elastic modulus [1] , [2] and negative refraction [3] , [4] . Such artificial acoustic structure is called acoustic metamaterials.
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The research of acoustic metamaterials originates from phononic crystals. In 2000, Liu et al. [5] proposed local resonance phononic crystals: periodically arranging local resonance units in an elastic medium and successfully realizing low frequency bandgap near resonance frequency by using acoustic local effect, which opened up a new way for noise reduction. In 2004, Li and Chan [6] first proposed the concept of acoustic metamaterials. They studied a solid/liquid phononic crystal consisting of a soft silicone rubber scatterer embedded in water. It was found that the equivalent mass density and the equivalent bulk modulus of the composite medium were both negative in a certain frequency range, which showed the so-called "double negative" acoustic parameter characteristics. Subsequently, Liu et al. [7] studied the equivalent parameters of threecomponent locally resonant phononic crystals of pure solid materials and found that the negative equivalent mass density effect also exists in the local resonant bandgap. Based on this result, Fang et al. [ [12] proposed and demonstrated a helical-structured acoustic metamaterial, which enabled dispersion-free slow wave propagation with a compact structure. The helicity-dependent refractive index of the metamaterials provided a new way to passively engineer the phase of acoustic waves. In 2018, Liu et al. [13] demonstrated unidirectional wave vector manipulation in two-dimensional space with an all passive acoustic parity-time-symmetric metamaterials crystal. Their study provided a new degree of freedom to the realization of unique wave dynamics for applications such as noise control, acoustic sensing, and imaging. In addition, as an important application of acoustic wave manipulation, acoustic focusing effects has been of wide concern in recent years [14] - [21] . The most effective method for focusing is the design of an acoustic gradient lens [22] - [25] . However, in order to construct such a gradient index material, the size of the unit cell often needs to change gradually, which is not conducive to actual sample preparation. Therefore, we propose a method of acoustic focusing using local resonance characteristics: constructing an H-type acoustic structure with the same size of unit cells. Focusing of the acoustic wave can be realized by manipulating the transmitted wave front.
II. MODEL STRUCTURE DESIGN
As shown in Figure 1 (a), three cylindrical structures are used to construct the H-type acoustic model (a layered gradient structure). It is rotated from the 2D planar model shown in Figure 1(b) . To study the transmission characteristics of acoustic waves in the interior, we focus on its 2D sectional view. The left side of figure 1 (b) shows the 2D phononic crystal unit cell structure we designed. The unit cell structure is composed of a lead core and rubber coating. It is embedded in the epoxy matrix in a triangular lattice to form the H-type acoustic metamaterial model shown in the right side of figure 1 (b) . The diameter of the lead core is 0.5 mm, and the width of the rubber layer is 0.2 mm. In this paper, we use COMSOL Multiphysics to simulate the acoustic field characteristics of the model's 2D axial section. The parameters of the materials used in the simulation are as follows:
, and c rubber = 300m/s.
III. THEORETICAL ANALYSIS OF THE MODEL
Because the axial section is composed of many rigid small rings, the incident and scattered waves of each scatterer (small ring) can be expressed by using the method of multilayer scattering. Then, according to the wave equation, the eigen equation of acoustic wave propagation in the model section is constructed, which allows us to decompose the wave equation into a linear superposition of different modes. The wave incident on a scatterer is regarded as the result of the superposition of the external incident wave and the scattered wave. Then, the corresponding coefficient relationship is obtained by using the Mie scattering relation. Finally, the eigenmode, transmission coefficient and acoustic field distribution in the entire model section can be obtained. The elastic wave incident on the scatterer will excite the elastic standing wave in the cylinder, so there are incident waves and scattered waves on the outside of the cylinder. The elastic wave field outside any elastic cylinder can be expressed in the form of a Fourier-Bessel series in cylindrical coordinates:
where u in out (r) = The value of σ is 1,2,3 (σ = 1 represents the P-wave mode, and σ = 2, 3 represents two S-wave modes). B = {b nσ } and A = {a nσ } are external incident and scattered wave coefficients, respectively. The J nσ (r) term in the formula can be expressed as:
The H nσ (r) term in the formula can be expressed as:
where
are Bessel functions and the first Hankel functions, respectively. Since the wave field in the scattering body formed by any small ring satisfies the self-consistent relationship, the sum of the scattering wave and the incident wave of any small ring in this section is the incident wave of the small ring scatterer.
where r i , r j are position vectors of the same point in space and time with column i and j as coordinate origins, respectively. Assuming that u
nσ J nσ (r) is the external incident acoustic field of a small ring, any two vectors r, r in the section can be obtained by placing the two-dimensional section in the cylindrical coordinate system. Then, the scattering results in the cylindrical coordinate system can be obtained by using the addition theorem.
where ϕ, ϕ and ϕ are the angles of vectors r, r and r − r , respectively. Let R i(j) be the position vector of the pointing scatterer i(j): R = R j − R i . Then, r j = r i − R can be obtained. Because the cylinders arranged in the matrix do not overlap with each other, the condition r i < |R| outside the cylinder can always be satisfied. Therefore,
where u in± α (r) and u in± β (r) represent the components of longitudinal and transverse plane waves, respectively. The positive sign indicates incident waves from the top of the scattering plane to the bottom, while the negative sign is the opposite. Therefore, the total incident plane elastic wave can be expressed as
According to the definition of H nσ , we find
Similarly,
Summarizing the above, we find
Thus, the expansions of different coordinate systems can be transformed to the same coordinate system. For any small circular scatterer in the model section, a part of the incident acoustic wave refracts on the surface of the scatterer, thus forming a standing wave in the scatterer. According to the elastic wave field distribution in the scattering body, VOLUME 7, 2019 the standing wave field in the scattering body can be obtained as follows:
where C = {c nσ } is the internal standing wave field coefficient. The continuity of stress and displacement should be satisfied when crossing the interface between internal and external wave fields. The relationship between the scattering field outside of the cylinder and the expansion coefficient of the incident field is as follows:
The coefficient T = t nσ n σ is Mie scattering matrix. By letting the radius of the cylinder be r a or solid/solid systems, the continuity condition is
τ in (r).r r=r a = τ out (r).r r=r a (21) In this case, a system of linear equations including coefficients A, B and C can be obtained:
The matrices α m and β m are related parameters of the structure of the small circular scatterer and the matrix material of the model. The matrix of the model material and the material of the small circular scatterer are obtained according to the expressions of displacement and stress. According to Cramer's rule of matrix operation, the relationship between B and A can be determined by the following formula:
The Mie scattering matrix of the model can be obtained as follows:
Because the Mie scattering matrix forms are the same under different combinations of materials and different continuous conditions, and the external environment of the model is water, the following boundary conditions can be adopted according to the solid/liquid system:
At this time, we find:
Through this equation, the total incident and scattered waves of each scattering body can be obtained using the incident wave of a point source, and then, the acoustic field distribution and transmission characteristics of the two-dimensional section of the model can be obtained. To more intuitively explore the acoustic characteristics of this model structure, the energy band structure of the axial section of the model is shown in Figure. 2 (a) . The frequency range of the dispersion curve is known as a passband. The flat and strong dispersion frequency region in the passband may lead to the appearance of circular isofrequency lines. When acoustic waves are incident from different directions, it is possible to show negative refraction and other phenomena because of circular isofrequency lines. From Figure 2 (a), we can see that there is a straight passband, that is, an isofrequency line. Thus, the acoustic wave in the model propagates along the direction perpendicular to the isofrequency line, indicating that the curvature of a certain frequency of the axial section structure is close to zero. At such frequencies, when incident waves with different wave vectors K terminate in the uniform region of the isofrequency line, their refraction is perpendicular to the isofrequency. The result is that the energy flux is along the same direction, leading to acoustic focusing.
In addition, this problem can also be explained from the perspective of geometric focus. Just like the negative refraction characteristic in optics, the structure proposed in this paper has the acoustic negative refraction characteristic. As shown in Figure2 (b) , when the acoustic wave is incident on the negative refractive index medium from the positive refractive index medium, a negative refraction phenomenon occurs and converges at the center of the structure to generate a focus point. If the focus is regarded as a secondary acoustic source, it will radiate acoustic waves outward, and negative refraction will occur again when the phononic crystal medium is emitted. Therefore, a focus point will be generated on the right side of the structure.
IV. RESULTS AND ANALYSIS
In this paper, the H-type acoustic metamaterial made of a cell array is implanted into water, and the transmission of an acoustic wave produced by the source of incident point is analyzed. There is no doubt that if the acoustic wave is transmitted in a free plane its attenuation will be proportional to the transmission distance. However, after passing through the acoustic model, as shown in Fig. 3 , the phase of the wave front is controlled by the model, which limits its acoustic diffusion path to the interior of the model. At this time, most of the acoustic energy is absorbed by the acoustic model, and its transmission path is consistent with the model structure. Another aspect of the axisymmetric model is that a new focus is generated, which realizes the moving effect of the point source. In a sense, it also provides a new direction for the realization of point source imaging.
If the acoustic model is divided into three small modules A, B and C, as shown in Fig. 3 , it can be seen that module B is the key component to realizing the directional movement effect of the point source. When the wave front of the incident acoustic wave enters module B from module A, the diffused acoustic wave will produce a wave front compression due to the structural design, which greatly reduces the wave's diffusion amplitude. In addition, due to the manipulation effect of phononic crystal structure on the phase of the wave front, the acoustic wave gradually appears as reverse diffusion at the center of the B module. At this time, the reverse diffusion can be regarded as a secondary acoustic source, and the acoustic wave can be retransmitted by gradually focusing inward. In module C, the transmission mode opposite from module A produces an outgoing focus similar to that of the source at the incident point.
To explore the relationship between different frequencies and the acoustic pressure amplitude at the exit focus, as shown in Fig. 4 , the waveform of the acoustic pressure at the exit focus from 75000 Hz to 79000 Hz is presented. It can be found that with the increase of frequency, the acoustic pressure waveform first increases and then decreases, and the peak value of the acoustic pressure is at 77000 Hz. Because the H-type structure is designed based on local resonance acoustic metamaterials, it can be determined that 77000 Hz is the resonance frequency in the vibration period. As the acoustic wave approaches the resonance frequency, the transmission characteristics the wave improve, and the acoustic pressure at the focus becomes stronger. Therefore, when the frequency increases from 75000 Hz to 77000 Hz, the amplitude of the acoustic pressure becomes larger. Similarly, when the frequency increases past the resonant frequency, from 77000 Hz to 79000 Hz, the amplitude of the acoustic pressure becomes smaller. In addition, if the frequency continues to move away from the resonance frequency, the acoustic model will generate another resonance frequency in the next frequency vibration cycle. It is noteworthy that, although the model has multiple resonance focusing frequencies, with the increase of frequency, the corresponding wavelength will decrease, and the size of the transmission wave front will become smaller. Because of its flexibility and controllability, phononic crystals can be designed according to specific conditions in practical applications to meet the resonance frequency requirements for transmitting acoustic signals in order to improve the transmission efficiency of acoustic waves.
Based on the above research, as shown in Figure 5 , we extend the H-type metamaterial structure. It can be found that the extended model structure also produces a directional movement of the point source at the resonance frequency of the structure. At this point, the B module in Fig. 5 can be regarded as an acoustic transmission relay model and will continue to transmit acoustic waves along the model structure as a relay point. As shown in Fig. 6 , by comparing the acoustic pressure distribution curves at the incident point and the exit focus in Fig. 5 , it can be found that the acoustic model design based on local resonance structure has good transmission characteristics and relatively low transmission loss. Therefore, in practical engineering applications, the model structure can be customized according to the needs of the transmission distance, which provides a basis for long-distance underwater acoustic communication, acoustic signal detection and acoustic imaging.
In addition, if the point excitation source that produces spherical waves is replaced by a line excitation source that produces plane wave, the phenomenon of plane acoustic wave focusing can be found by simulation. To describe this phenomenon more intuitively, we designed a double H-shaped and a quadruple H-shaped structure. According to the phenomenon of acoustic wave transmission in Fig. 7 , it is obvious that the phase of a plane incident acoustic wave is manipulated after entering the multiple H-type acoustic model. It can be inferred that if the number of H-type structures continues to increase, the plane acoustic waves will converge into more focus points, which further proves that the local resonance acoustic metamaterial has good focusing characteristics and acoustic manipulation characteristics.
V. CONCLUSION
We used the finite element analysis software COMSOL to study the propagation characteristics of acoustic waves in a two-dimensional three-component locally resonant H-type acoustic metamaterial model. By using this model, we found that phase modulation of the acoustic wave, low transmission loss and a focusing effect could be realized. Because of the local resonance characteristics of the H-type structure, the closer the frequency is to the resonance frequency, the better the propagation characteristics of the acoustic waves. In addition, if the point excitation source that produces spherical wave was replaced by a line excitation source that produces plane wave, the phenomenon of plane acoustic wave focusing will be achieved. These research results will provide a new direction for underwater acoustic signal detection, acoustic communication and other underwater engineering applications.
